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PREFACE

This report is the first draft of what we hope will eventually be

a comprehensive treatise on the theory and calculation of B-MP coupling to

systems located in the source region.

There has been a strong tendency for many years to rely on computer

codcs for EMP Coup)lnlin, calculations. We have noticed that computer codes

built in the absence of theoretical understanding almost always give the

wrong answer for the right problem. even though they may give the right

answer ' for the Wrong problec. Source-region coupling, ,eing only a little

more d:ifficult subject than lBiP env'ronments, is quite amenable to

theoretical anal'ysis, and the present report show, Low such analysis can be

carried out for some important examples.

We hope to add to thi.s report over the next fow years. More

examples are needed. A ploblem rot discussed in the present report is the

effect: of breakdown in air (e.g., rnuclear lightning) and in the soil on

coupled currents. There are reasonable prospects that sufficient progress

will be made on these problems in the next year or so that they can be

Included. [urther , experience with real systems such as NIX and LoAI)S may show

U:4 other problems that need analysis. We therefore hope that the copies otf

this report will not be bound so tightly that they cannot be suppilemented by

revisions and further cha;pters.

...
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CHAPTER 1

INTRODUCTION AND BASIC EQUATIONS

1 .1 INTRODUCTION

A nuclear explosion on or near the air-ground interface produces

a large electromagnetic pulse (EMP). The princil)al source of the EMP is

the current of Compton re,:Dil electrons resulting from collisions of gamma

rays with the electrons in air molecules. The Compton current is signifi-

cant out to distances of several kilometers from megaton explosions. Within

this source reýio',, the air conductivity, associated with secondary

ionization produced by the Compton electrons, has a strong influence on the

fields generated. Tle presence of a conducting ground also hais a strong
influepce.

Calculations of the coupling of electrouagnetic energy into systemto

located within the source region must take into account the exi-tence of the

gwmia rays, the Comptorn current, and the zii•r conductivity, as well as the

fields. Thus source region coupling is more complicated than frcc-fiell

cuj1ij•, where only the fields need to be colnsidered. Nevertheless, a

useful approximate theory of source region coupling can be constructed, and

this report presents the theory for coupling to somc simple but pract ic.1liy

relevant system geomctries. The theory will hopefully be extended to other

geometries as needs arise.

The Coupling theory presented here closely parallels the theory

of source-region EMP environments developed previouslyN by this author

9
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(References 1-2 to 1-4). The latter theory was imroortant in that it:

* gave the first predictions of general EMP environments;

* showed what parameters EMP depends on;

* showed how to build competent computer codes for more detailed

predictions-;

* provided accuracy tests for the codes.

vhe goals and uses of the theory of source-region coupling are similar:

0 to make approximate predictions of coupled currents and

voltages, especially in regimes where present computer

codes are not valid;

* to test computer codes and show how to improve them;

* to provide understanding of coupling and how it depends on

parameters;

* to allow other scientists to judge the correctness of

coupling predictions.

It is thus hoped that this report will be useful to a variety of

readers, from engineers faced with the task of making predictions for actual

systems to scientists who need or wish to judge the adequacy of our under-

standing of the phenomena and of methods for making predictions. Ir this

connection, a particular reader may be more interested in some sections of

this report and less; interested in others. We have tried, however, to make

all of the report readable for the entire spectrum of likely readers.

"1.2 MAXWELL'S EQUATIONS

'1The material media that we shall be dealin u with most commonly, air

and ,soi 1 , ar eent a.•., lv non-magnetic; that is, the magnetic permeabi I ity

has thlue"11 I ti appropriate to free space. Both media are generally

10



conductive, and the soil has a dielectric permittivity substantiall~y dif-

ferent from £,0, the free space value.

The two time-dependent Maxwell equations are then

aE -+ 111

- + .1 X (1-2)
at

2 -where is the magnetic field (webers/mn E is the electric field
* 2

(volts/rn), and J* is the current density (amps/in ).It is clear that these

|4.

values are given and if J is specified. From these initial values we canl

feeuains aremsufficientetoscarryvthe.fed owr n iei nta

evaluate the right-hand sides of Equations 1-1 and 1-2, which then tell us

how E and B will change in the next infinitesimal time interval 6t.

From thle new valucs of F, and B we can re-evalualte thle right-hand sides

and advance thle fields another 6t, and so on. This, in fact, is Ilrecisely'
low numerical solutions of Maxwell's equations are obtained (the spatialj

dervatvesin he urlopeatins re lsoevaluated in finite difference

f orm) .J

Note that the relation of cause and effect in this way of looking

at Mxwc 11 s iqtionS iS different from What most Of US were taught,

p~artiCUlarly for Equat ion 1-1. The picture just given is that the value of'

V x~ F determines hlow B will change in the next infinitesimal tline

intervalI, whereas thle tradlitional1 picture is that a changing 11 generates

(inductively) a solenoidal Fi, i e. , an E, with finite cuirl. F ither

picture givs the smeic iesult, namely that the right- and left-hand sides

ire equals , and we do not actually netd to decaide which side causes the

other. However, thle new picture, which is the one generally Used by physicists,

makes it casicer to understand fhow timne-dependent so itions avc lye.

how umeicalsoltion ofMaxell' eqatios ae otaind (he satil 1

derivaives irthe cr..o..ation areas ew uted i fiit dffrec
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There are Vwo other Maxwell equations,

V B = 0, (1-3)

V (cE) p , (1-4)

where p is the charge density. It would appear from the foregoing discus-

sion that these equations are not needed in advancing the fields in time.

Such is indeed the case, for taking the divergence of Equation 1-1 gives

V - (Vx6) = 0 (1-5)

(The divergence of the curl of any field vanishes.) This equation says

that, ift Equation 1-1 is satisfied, V 3B will be independent of time at

all points In space. Thus if V • B vanishes everywhere initially, then

the solution of Equation 1-1 will have V 0 everywhere at all times.

Therefore Equation 1-3 needs only to be imposed as a condition on the initial

magnetic field. If the initial magnetic field vanishes, Equation 1-3 is

satisfied.

To understand the role of Equation 1-4, take the divergence of

Equation 1-2, and obtain

(V.,-l) = V J (1-o)

Now the conservation of charge, which .is a well verified law of nature,

states that

t - V . (1-7)

Subtra cting Equation 1-7 from Equation 1-6 gives

,iVt (V L-1) ) = o (1..8)

Thus it follows from lEquation 1-2 that, if the quantity in parentheses

vanishes everywhere initially, it will vanish everywhere at all times.

12

i ~,-o-:tz'.rTr ~fexz. z~rr't



Therefore Equation 1-4 also needs only to be imposed as a condition on the

initial E and p. If E and p both van:ish initially, Equation 1-4

is satisfied. I
4 ÷ 4!

If B, E and p all vanish initially, we need only concern ourselves

with Equations 1-1 and 1-2. Note that these equations do not contain p

at all; p need riot be calculated. If p is desired, it can be found by

time integration of r:'4uation 1-7.

Note that Maxwell's equations and the conservation of charge,

Equation 1-7, are linear in the variables J, p, E and B. Thus if current

density J1 produces P1, I1 and B1 and J2 pioduces p2 " E2 andB
1 2 2-' 1. 2then current density 1 + J2 will produce p1 + P2 ) EI + E2 and B1 + 132We have assumed here that c (and p of course) is the same ir all cases.

This linearity is somewhat restricted in practice when IT depends on H,

as we shall see.

1.3 SOURCE AND CONDUCTION CURRENTS

In lIMP problems the current density is made 0up of two parts. First,

tl:.Ie is the source current sr of Conpton rOco].il electr ons produced by
the flux of' gamlma rays, which is the source of the WWiP. Second, there is

the conduction current J associated with the flow of low-energy electrons
c

and ions induced by the electric field. The total current is the sum

,I = J + J (1-9)5 c

Tihe Compton current is formed by recoi I electrons that have start-

ing energies of: the order of I MeV. Thcsu electrons are stopped, in

material media, by inelastic collisions with the media atoms. In air, the

stopping range of the recoi. 1 electrons is a few meters. Therefore, if the

electric ftield 1: is less than about 105 V/111, the effect of this field oi

13



range will be small and may be neglected. If the field were 106 V/m, the

range would be substantially affected by the field. The magnetic field B

deflects the recoil electrons. The deflection will be small if the Larmor

radius is long compared with the stopping range. The Larmor radius is a few
-3 2meters when B is about 20 gauss = 2 x 10 webers/m2. Thus for magnetic

fields of this size or larger the deflection will be substantial.

In many applications the fields are less than the critical values

just given. In these cases we may assume that Js depends only on the gamma

flux and is independent of the fields. In cases where the fields are higher,

we shall estimate corrections to J due to the fields.S

In soil, the recoil electron range is only a few millimeters (soil

is about 10 times more dense than air) . Here the fields are never large

enough to affect the Compton curreAt. Gamma rays are attenuated by a factor

e in 15 to 20 cm of soil. Hence the Compton current is appreciable only in

the top meter or two of the ground.

The conduction current is generally well approximated, in both air

and soil, by Ohm's law,
-* c
J = a, (1-10)

where o(mhos/m) is the conductivity. In a r, (Y depends somewhat on !,

making Maxwell's equations nonlinear. We can usually choose an F-independent

value of a which over-estimates coupling effects, Since the air conductivity

results from ionization produced by the Compton recoil ;l-':.trons, CY depends

on time and posi.tion. In the ground, u is independent of li, except at very

high fields where breakdown occurs. It is also little affected by ionization,

except at very high dose rates. It may be assumed independent of time and

position, but it does depend on the frequency of the driving E-field (as
dues al so c). These points will be discussed in detail in later sections

14



1.4 A STANDARD FORM FOR MAXWELL'S EQUATIONS

We shall write the dielectric permittivitY in terms of the value

C for free space,

S=Cr0 0 -i

where Er is the relative permittivity. If we also make use of Equations 1-9

and 1-10, the Maxwell Equation 1-2 becomes

S -÷ -* oTF + B V 13 . (1-12)

it is convenient t.o replace c'0 and p O by two other parameters, namely

the speed of light in vacuum,

C i ; 10 8 II/see (1-13)

and the impedance of free space,

z_ - 120'n ,• 377 ohms , (1-14)

These equat i.ons can be solved for p 0 and c

z0 /c , c" t/cZo ' (1-15)

lnaser't i g these express .i ons in Equati on 12 gives

7 D-t Z J= - Z 01O , + cV x l) (1-16)
0 Dt - )s 0

Eivery term in this equation now has the dimens ilons volt /m" ; note that c11

is tihe electric field of a waI\e in vactuum, as fol lows from liquati.o0 1-1.

In the remai.nder of this relport we sh.all drop tlie. subsuisc __ r on

; wi 11 always mean the relative permittivity. Thus our1, standard form

for Maxwell's equations is

15



ýB
- - 7V x B ,(1-17)

- =• - >. .+
cDt O s 7OE + cV x B

We note here also the relation between the current I(arnps) in a wire and

the static magnetic field B1 encircling it at radius r,

2TrrB = %I : Zo1/c or I 2'rrrcB /Z 0  (1-J9)

Finally, note that

Z 0  /27r 60 ohms (1-20)

REFERENCES FOR CHAPTER 1

1-1. For general background in electromagnetic theory, see Stratton, J.A.,
"Electromagnetic Theory," McGraw-Hill Book Company, New York, 1941.

1-2. Longmire, C. L., "Close-in EM Effects Lectures," LAMS-3072 and 3073,
Los Alamos Scientific Laboratory, Los Alamos, New Mexico, 1964
(Unpublished).

1-3. Longmire, C. I.., "Theory of the EMP From Nuclear Surface Bursts,"
LANC-R-8, Los Alamos Nuclear Corporation, Los Alamos, New Mexico, 1970.

1-4. L.ongmire, C. L., "On the Elrctromagnetic Pulse Produced by Nuclear
Explosions," IEEE Trans. on Ant. and Prop., Vol. AP-26, No. 1, p. 3
(January 1 978T.
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CHAPTER 2

THE IMPEDANCE OF SOILS

2.1 THE RC MODEL

Scott2-1 measured the conductivity and permittivity of many
6samples of soil over the frequency range 102 to 10 lIz. Hle noticed that

the results correlated quite well with the water content of the soil. lie

made mathematical fits to his ay and a results as functions of frequency

and water content. In making these fits, lie made no attempt to ensure that

0T(w) and a(w) bear the relation to each other required by causality.

Longmire and Longley noticed that Scott's fits could be refitted

very well by assuming that between opposite faces of the soil sample there

is an RC network of the type shown in Figure 2-1. In this network, 1/R9

represents the zero-frequency conductivity, C represents the infiniti-.

frequency dielectric constant, and the other branches account for the change

in a and c with frequency. A good fit was obtained with one such branch

for each decade in frequency covered, with the time constant Ri Ci of the

relevant branch chosen equal to the reciprocal of the median u) in that

°.1 -1 - -cC
0 J C3  C4

0 R ~2 3 R 4  1

Figure 2-1. Network representing soil impedance.

17
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4,

decade, i.e., (R.C.) = 2'0rfi, where f. is the frequency at the lower

end of the decade in question. Thus the products R1 C1  were chosen

arbitrarily, to cover the frequency range uniformly. The ratios R. /C. and

C. were then chosen to fit Scott's c curve. Only one parameter, R0 ,

was then left to fit the a curve, but it was found that a good fit to a

was obtained. Furthermore, it was noticed that changing the fit for a

soil of different water content was accomplished by scaling all of the

resistors, except Ro, by the same factor and leaving the capacitors unchanged.

Longmire and Smith2-3 used these results, and data at higher frequencies,

to make a "universal impedance function" of soils over the frequency range

102 to 10H8 Hz.

2.2 THE SOIL ADMITTANCE

The Maxwell Equation 1-18 for fields varywing as eJ (j2 U 1)

takes the form

rjl = - Z J + cV x I , (2-1)

where

ZU + . (meters) (2-2)

In Equation 2-1 the conduction and displacement currents have been combined

into tne term on the left. If we define the admitto nce Y (n of init

volume of soi. 1by the relation between total F-driven current , and i'

= YEj (2-3)

then obviotusly

2 Y y r = , 4 jwcr 0  (2-4)

The dimensions of Y are mhos/meter, ,'hilc those of ia are (meters)

We shall call q the relative admittance.

18
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The admittance of tile RC network is

+ J + jwn (2-5)L JwR C

The real and imaginary parts of Y are related to I and rh by iquation

2-4. Defining RC rates 13 by

(Rl ) , (2-0)
n nn 11

Reference 3 fits Scott's data hy the formul a

o-() + + +£ (17)

I0lere o is the zero-firequency conductivity, ,. is the Iii Iii to- frequca'cy

eClative )iet'mittivity, F0 is the permittivity of free space in MKS units,

the an are a fixed set of rates,

= 21 (lo)"-1 sec 12-8)

and the a are a set of dimensionless fit coetff'icintuts. 1or soil counta i. I

iiag' 10 p)er'ce'nt water by voI[ltme the fit pirameters are given in kable 2- 1

For this fit tile relative permlitt ivity and coa'Jaactivity ara

13 a

I. : ! + aa' I I (n/V})

12 =l 1(+{-1fi ,

n-- 1 + {(,1/V• }II

It Call hc e se n I.' deca'ea ses wh i I C i laca''a!:CS With i ICI'e'S i 1a0, V 1''( 1J1l'I I VC Y

of'[1h11d 0 :1 'L-ui 11- as fnait ti 11 C" VreqLaeIcIC\ ar1 gi ve), i VC i :iýr, es 2-.

amid 2-3. Hilaa'c 2-1 shows how 0 () V'ri .es with wt;tcl, coalit at aalld also

V U. t tI a s. IcuI ' Factor 0\' WhIIi LII thL r1 at S I. I'5 I Ia e Il at i I i d f r

LII'lea'eaa1t Wat LeI co0l (ut

.19
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Figure 2-4. Frequency scale factor F and zero frequency

conductivity -, fromi Scott's results.
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Table 2-I. Fit parameters for soil containing 10 percent
water by volume.

Cy 8 x 10 mho/m . = 5 (relative)

n an n an n an

1 3.40(6) 6 1.33(2) 11 9.80(-l)

2 2.74(5) 7 2.72(1) 12 3.92(-l)

3 2.58(4) 8 1.25(l) 13 1 73(-l)

4 3.38(3) 9 4.80(0)

5 5.26(2) 10 2.17(0)I 8
This fit is expected to be good for frequencies between 104 and 10 Hz

for a wide range of water contents. The author has never seen any data that

cannot be fitted reasonably well by this model by adjusting only the assumed

water content and the value of a0  (to a value that may be different from

that indicated by Figure 2-4).

The fit for the relative admittance is, according to Equations 2-4

and 2-7,

13 j /cr Zo0 G 0 + -Co+ - y a ,jW/ (2-11)

n=1 n i-+ a /r n

2.3 CAUSALi'rY AND REALITY

The requirement of causality is that the current must vanish until

a field is applied. For example, let E(t) be

E(t)= 0 t < 0
(2-12)

E(t) E0e-Yt t L 0 (Y = real, positive)
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The Fourier transform of E is

S(12-Wtd0
E(wo) I- E(t)e-l d C ( t (2-11)

f jW

The current density in the frequency domain is then

E0

J (w) = Y (o) " .i' (2-14)

and in the time domain

1 Y %, 7 e C a ~
J (t) = jwt d."t d (2-15)

For t < 0, the integration contour can be extended to enclose the negative

imaginary half plane. The factor 1/(y+fj) has a pole at = jy. If
YQw) has no poles in the negative imaginary half plane, the integral will

vanish as required, for t < 0. Inspection of Equation 2-7 shows that the

poles of Y are at s = onae in the positive imaginary half plane, Thus

causality is satisfied. The generclly required relation between a, physical

,(t and i•ata is t hey muast iform1e the real and i onagoinary parts ofe a
complex function wvhich. when analyticalily continued from the real wJ axis

into the negative imaginary half plane, has no poles there. Any RC network

provides this property. Rusonances in ., and K. could he accommodated by

adding inductances, but it appears that none are needed.

The fWo that the electric field Ei(t) and the current density

Qlt) are re.al functions of time places another condition on the admittance

Y ,.) and the relal ive aumittanco I(,). tOr general real H(t), Equation 2-13

shows that the comlex conj ugate HO*(W) is related to lHi) by

I!*(,1 = HIM( .. 2 1•

The same relation holds between .1*(;,.) and ,J( ). Since

Y'N,) *= H) /1(,H ) (2-17)
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it ful lows that Y and rn also obey the reahity condition

Y*((.•) = g(*(-) ,
(2-18)

•* (i) ~ n(-Cu)

From quat tions 2-2 and 2-4, it then follo that

o(-(0) = a(w) , -(-.) = C (W) . (2-19)

2.4 EXVONENTIALLY RISING FIELD

In the early part of the I.MiP the electric field l ises approximately

exponentially to a level fairly near the peak field,
c~t

li(t) -E 0 at (2-20)

l121nce it is useful to Cvaluate t- for the case in which .iw is replaced

by 'X. One obtains thu real expression,

13

0y + c£ el + a (2-21),n=: oI +P1

A gratph of C, as a function of: (. for the 10 percent water soil

is shown in Vi gure 2-5. The s..ame ftigtwre shows the real and imaginary partrs

of ni s a tunct ion of' wi for the oscillatory case. Note that while

there is no simple relation betwe en nl(fx and i r (w) and tIi (w,) , except

that contained in iqua t i.on 2-11 , i I(,.) is not far from the sum of t r(w)
and n ((.H) for W =x. (Ac'rally, ri (a) is a little less than the sum..

We shall cal I the case graphed in Figure 2-5 our standard soil
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